Neonatal rats, 7 days of age, underwent uni lateral carotid artery ligation followed by exposure to hypoxia (8% 02) for 80 min. At the end of the period of hypoxia, and after recovery for 2 or 24 h, regional levels of ATP and heat-shock protein-72 (hsp72) mRNA were measured in adjacent brain sections using ATP luminescence histochemistry and in situ hybridization, respectively. At the end of hypoxia, ATP levels were decreased in a patchy pattern within the hemisphere ip silateral to the carotid ligation. In the parietal cortex, the reduction of ATP often occurred in columns oriented per pendicular to the cortical surface. Expression of hsp72 mRNA was not detected prior to recovery, except in the ventricular lining of the ipsilateral hemisphere. However. by 2 h of recovery, hsp72 mRNA was expressed in a
Perinatal hypoxia-ischemia is a major cause of brain damage in infants, yet the pathophysiology remains poorly understood. An experimental model was developed in the neonatal rat to investigate the pathophysiology of hypoxia-ischemia in the imma ture brain (Rice et aI., 1981 ). The regional distribu tion of cell injury in this model was unique in sev eral respects. In the cerebral cortex, necrosis fre quently occurred in a pattern of columns oriented perpendicular to the cortical surface. Further, cel lular necrosis was prominent in the dorsal foci of myelinogenesis and peri ventricular white matter. Subsequent studies have indicated that pyramidal neurons in the CA3 subfield of the hippocampus are more vulnerable to hypoxia-ischemia than those in diffuse pattern in the ipsilateral hemisphere, even in re gions in which the distribution of ATP remained patchy. Although the regional extent of expression varied in dif ferent animals, hsp72 mRNA was expressed consistently in the subcortical white matter, which, in some animals, was the only region showing expression. In contrast to the diffuse pattern of expression at 2 h of recovery, ex pression of hsp72 mRNA at 24 h was highly localized in the superficial layers of cerebral cortex and the pyramidal cell layer of hippocampus. The present results demon strate that hypoxia-ischemia causes regionally distinct al terations in ATP and hsp72 mRNA that may be related to cell injury in this model. Key Words: ATP-Heat-shock proteins-Hypoxia-Ischemia-Neonatal-White mat ter.
the CAl subfield (Blumenfeld et aI., 1992) . How ever, the factors responsible for the unique patterns of hypoxic-ischemic injury in brain of neonatal rats have not been identified.
Previous studies have demonstrated that hypox ia-ischemia causes columnar alterations of NADH fluorescence in the cortex of neonatal rats (Welsh et aI., 1982) . These results suggest columnar varia tions in metabolic stress may be responsible for the columnar pattern of cortical necrosis in this model. If so, then the regional pattern of ATP depletion should also occur in a columnar fashion. Recently, a histochemical method for ATP was described that has the regional resolution capable of detecting co lumnar variations in ATP in the cerebral cortex (Kobayashi et aI., 1989) . Thus, one of the objectives of the present study was to determine the topogra phy of A TP depletion during hypoxia-ischemia and recovery in neonatal rat brain.
In addition to altering metabolite levels, hypoxia ischemia has been reported to induce the expres sion of the 72-kDa heat-shock protein (hsp72) in the brain of neonatal rats (Dwyer et aI., 1989; Ferriero et aI., 1990) . Inductions of hsp72 and its mRNA have served as useful markers of cell stress in a variety of pathological conditions (Vass et aI., 1988; Gonzalez et aI., 1989; Nowak, 1991; Sloviter and Lowenstein, 1992; Welsh et aI., 1992) . Although the molecular signals that couple hypoxia-ischemia to expression of hsp72 are not known, it is likely that expression is triggered by intracellular alterations that will shortly lead to cell damage. Just as the reduction of ATP may indicate the intensity of met abolic stress, so may the induction of hsp72 indicate the intensity of pathologic stress. In the present study, we have compared the regional reduction of ATP with the induction of hsp72 mRNA to deter mine whether there is any relationship between these two consequences of hypoxia-ischemia.
MATERIALS AND METHODS

Animal preparation
Hypoxia-ischemia was induced in the brain of 7-day postnatal Sprague-Dawley rats using a modification of methods described previously (Blumenfeld et aI., 1992) . Briefly, rat pups were anesthetized with 1.5-2.0% halo thane, and the common carotid artery on the left side was isolated and permanently ligated with 3-0 surgical silk. The animals were returned to their dam for 3 h prior to hypoxia. At this time, each pup was placed separately in a temperature-equilibrated (36°C) glass jar and exposed to a humidified mixture of 8% O2 in N2 for 80 min. During hypoxia, the jars were submerged in a 36°C water bath to maintain core and brain temperature at 37°C, as deter mined in separate animals. Following the hypoxic insult, animals were subdivided into three groups according to their posthypoxic recovery time: O-h recovery (n == 10), 2-h recovery (n == 9), and 24-h recovery (n == 9). In the O-h recovery group, animals were anesthetized with halo thane, and the brain was frozen in situ with liquid N2 within 3 min (Ponten et aI., 1973) . The remaining animals were returned to their dam for a recovery period of 2 or 24 h prior to brain freezing.
A TP histochemistry Regional A TP content was determined qualitatively us ing a reagent film described previously (Kobayashi et aI., 1989) . Briefly, luciferin-Iuciferase was immobilized in a gelatinous membrane to make a multilayer reagent film. The frozen brain was sectioned at a thickness of 16 f.Lm in a cryostat at -20°C. Brain sections were layered onto the luciferin-luciferase reagent film at -20°C and melted to permit tissue fluid to infiltrate the reagent film. The visi ble light emitted during the reaction between A TP and luciferin-luciferase was recorded by direct contact of the reagent film with Kodak TMAX film (ISO 400) using ex posure times of 15 or 30 s.
In situ hybridization
In situ hybridization for hsp72 mRNA was performed using a previously described method (Welsh et aI., 1992) . In brief, 16-f.Lm fresh-frozen brain slices were dried on glass slides at room temperature, fixed with 4% paraform-J Cereb Blood Flow Metab. Vol. 15. No.6. 1995 aldehyde, and rinsed with 2 x saline/sodium citrate (SSC) buffer. A 30-mer synthetic oligonucleotide probe with the sequence, 5'-C GAT CTC CTT CAT CTT GGT CAG CAC CAT GG-3', was used to detect hsp72 mRNA. This probe, first used by Nowak et al. (1990) , and shifted two bases 5' from that employed by Miller et al. (1991) , was reported to be specific for the inducible member of the family of 70-kDa heat-shock proteins (Miller et aI., 1991) . The sequence of the probe is complementary to base numbers 539-568 of the recently cloned rat hsp72 cDNA (Longo et aI., 1993) and has been used previously by others to detect hsp72 mRNA (Nowak, 1991; Kinouchi et aI., 1993) . The oligonucleotide probe was radiolabeled on the 3' end using eSSjdeoxy-ATP and terminal trans ferase. The labeled probe was isolated and hybridized to brain sections overnight at 37°C in 4 x SSC. After rinsing for 1.5 h each in 1 x SSC and 0.5 x SSC at 37°C, the sections were air-dried and placed in contact with Kodak XAR film for 1-2 weeks.
Histology
For assessment of neuronal necrosis, 16-f.Lm brain sec tions were air-dried, fixed in formalin/acetic acid, and stained with thionin and acid fuchsin (Auer et aI., 1984) .
RESULTS
Control animals
Brain ATP content in untreated 7-day-old rats (n = 3) varied slightly among anatomical structures ( Fig. 1 ). In particular, low levels of ATP were ob served in the myeJinogenic foci of subcortical white matter ( Fig. IA and C, arrows) . In the hippocam pus, the ATP content of the pyramidal cell layer was higher than that in adjacent layers, and this difference was most pronounced in the CAl subfield ( Fig. IC ). These regional variations in ATP were not observed in the brain of adult rats (Kobayashi et aI., 1990 ) and, thus, may be unique to the immature brain. Expression of hsp72 mRNA was not detected in the brain of untreated neonatal rats ( Fig. 1 B and D). The hybridization signal in the pyramidal cell layer of the hippocampus may be a consequence of nonspecific binding (Fig. ID). Regional levels of ATP and hsp72 mRNA in untreated animals were the same as those in the contralateral hemisphere of animals subjected to hypoxia-ischemia in all but two cases (see below).
Onset (0 h) of recovery
All animals exhibited a reduction in A TP content in the ipsilateral hemisphere, but the extent of the reduction varied in different animals (Fig. 2 ). More over, within the brain of individual animals, ATP levels were reduced in a patchy pattern in many regions. In the animals showing minimal reduction of A TP, the decrease was restricted to the striatum and parietal cortex, which often exhibited a colum nar pattern of ATP content ( Fig. 2A and B, arrows) . In animals with more severe loss of ATP, there was a patchy decrease in ATP in cerebral cortex, stria tum, hippocampus, and thalamus ( Fig. 2C-F) . In one animal of this group, the reduction of ATP ex tended to the parasagittal cortex of the contralateral hemisphere (data not shown). However, the reduc tion of ATP was most frequent and most severe in the parietal cortex of the ipsilateral hemisphere ( Fig. 2 and Table 1 ). Expression of hsp72 mRNA was not detected in these animals, except in the ventricular ependymal lining of the ipsilateral hemi sphere in several cases (data not shown).
Two hours of recovery
Although all nine animals of this group expressed hsp72 mRNA in the ipsilateral hemisphere, only four animals exhibited complete recovery of A TP content. In the latter animals, expression of hsp72 mRNA was restricted to the subcortical white mat ter ( Fig. 3B, D, and F, arrows) . In the remaining five animals, incomplete restoration of ATP was as sociated with a diffuse pattern of hsp72 mRNA in many regions of the ipsilateral hemisphere (Table  2) , with the strongest induction appearing in the choroid plexus and ependymal lining (Fig. 4D, F , and H). However, there was no apparent correla tion between the regional patterns of A TP content and hsp72 mRNA expression. Thus, while thin col umns of A TP were present in the parietal cortex ( Fig. 4E and G, arrows) , hsp72 mRNA was ex pressed in a diffuse pattern in the same region of adjacent sections ( Fig. 4F and H) . Moreover, in one animal in this group, expression of hsp72 mRNA extended into the parietal cortex of the contralateral hemisphere, in which ATP content was unimpaired ( Fig. 4E-H) . Expression of hsp72 mRNA was de tected in the hippocampal formation of only three animals ( Table 2 ). In these animals, the pattern of expression was diffuse, with no apparent associa tion with individual layers of the hippocampus (Fig. 4H ).
Twenty-four hours of recovery
In two of nine animals in this group, there was no evidence of a reduction in ATP or expression of hsp72 mRNA in any brain region ( Table 3 ). In each of the remaining seven animals, hsp72 mRNA was expressed within the ipsilateral hemisphere, while a persistent reduction of ATP content was detected in only three animals. Within the ipsilateral hemi sphere, hsp72 mRNA was consistently expressed in two regions: (i) the superficial layer of the parietal cortex and (ii) the pyramidal cell layer of the hip- pocampus (Fig. 5 ). Expression of hsp72 mRNA in the hippocampal pyramidal cell layer occurred pre dominantly in the CA3 subfield ( Fig. 5D and H, ar rows). This specific hippocampal expression was detected in six of nine animals and was associated with high levels of ATP and the presence of only a few necrotic neurons ( Table 3) . In contrast, hsp72 mRNA expression' in the superficial layer of the pa rietal cortex was often accompanied by low levels of ATP and many necrotic neurons ( Table 3 and Fig. 5E-H) . In these animals, a columnar pattern of ATP content was associated with a columnar pat tern of neuronal necrosis. Neuronal necrosis was also detected in striatum and thalamus, usually in Animal no. association with decreased levels of ATP and ex pression of hsp72 mRNA. However, in regions with the most severe decrease in ATP, expression of hsp72 mRNA was not detected ( Fig. SE and F,  stars) . Finally, expression of hsp72 mRNA was not detected in the subcortical white matter at 24 h of recovery.
DISCUSSION
The present results demonstrate that hypoxia ischemia causes regional alterations in A TP and hsp72 mRNA that may be related to celI damage in the neonatal brain. In the cerebral cortex, hypoxia ischemia depleted tissue levels of ATP in a pattern of cortical columns that resembles the pattern of ne crosis in this model (Rice et aI., 1981) . The colum nar pattern of A TP depletion is also consistent with the cortical pattern of NADH fluorescence and pro tein synthesis, suggesting that metabolic failure in the parietal cortex occurred in a columnar pattern (Welsh et aI., 1982; Dwyer et aI., 1987) . If the se verity of cortical necrosis is related to the degree and duration of ATP depletion, then the columnar reduction of ATP is likely responsible for the co lumnar necrosis that occurs in this model. The rea sons for the columnar reduction in ATP in the pa rietal cortex remain unknown. The lack of regular ity of the cortical columns of A TP and the patchiness of ATP depletion in other structures sug gest that regional variations in blood flow may con tribute strongly to the metabolic patterns observed.
The present study also demonstrates selective in duction of hsp72 mRNA in subcortical white mat ter. At 2 h of recovery, there were cases in which hsp72 mRNA was expressed only in the white mat ter. In these animals, restoration of ATP was opti mal in all regions, suggesting that the degree of hypoxia-ischemia was less severe compared to that in other animals. Thus, in the present model, sub cortical white matter was more sensitive than other regions to hypoxia-ischemia, at least with respect to expression of hsp72 mRNA. The sensitivity of the white matter to hypoxia-ischemia may help to explain the prominent extent of cellular necrosis in the dorsal myelinogenic foci and periventricular white matter demonstrated previously (Rice et aI., 1981) . In contrast to the present study, hsp72 im munoreactivity was not detected in the white matter in a previous investigation using this model (Ferri ero et aI., 1990) . The discrepancy between expres sion of hsp72 mRNA and hsp72 immunoreactivity may be related to the inhibition of protein synthesis reported in this model of hypoxia-ischemia (Dwyer et aI., 1987) . Thus, inhibited translation of hsp72 mRNA into protein may account for the failure to detect immunoreactive hsp72 in the white matter.
An interesting result of the present study was the apparent difference in the topography of ATP con tent and hsp72 mRNA expression. During the 80min period of hypoxia-ischemia, the lack of expres sion of hsp72 mRNA in regions with markedly re duced levels of ATP was not surprising, since synthesis of mRNA is an energy-requiring process. However, hsp72 mRNA was also not expressed in regions in which the reduction of ATP was minimal. In these areas, the supply of A TP presumably would not have been a factor limiting transcription of the hsp72 gene. Rather, the intensity of the hy poxia-ischemia in these regions may have been too mild or too short to trigger expression of hsp72 mRNA. During recovery, the differences in the dis tribution of ATP and hsp72 mRNA were even more apparent. At 2 h of recovery, hsp72 mRNA was expressed in a diffuse pattern in many regions, yet the distribution of A TP was occasionally columnar in the cortex. This result suggests that the initial expression of hsp72 mRNA may depend on factors other than the degree of ATP reduction per se. In deed, it has been postulated that protein unfolding may mediate stress-induced expression of heat shock genes (Ananth an et al., 1986; Morimoto et al., 1994) . In contrast to the diffuse pattern of expression at 2 h of recovery, hsp72 mRNA was highly localized at 24 h, in both the hippocampus and the cerebral cortex. In the hippocampus, the expression of hsp72 mRNA was localized in the pyramidal cell layer, predominantly in the CA3 subfield. This re sult is consistent with the previous demonstration of hsp72 immunoreactivity in CA3 pyramidal neu rons following hypoxia-ischemia (Ferriero et al., 1990) . Expression of hsp72 and its mRNA suggests that hypoxia-ischemia induces pathologic stress in CA3 pyramidal neurons during the posthypoxic pe riod of recovery. CA3 pyramidal neurons appear to be particularly vulnerable to hypoxia-ischemia in the brain of 7-day-old rats, compared to those of older animals (Rice et al., 1981; Blumenfeld et al., 1992) . Thus, induction of hsp72 in the CA3 subfield correlates well with the vulnerability of this region in the brain of 7-day-old rats. However, it should be noted that a similar induction of hsp72 has been demonstrated in CA3 pyramidal neurons of adult gerbil brain following ischemic insults that do not cause neuronal necrosis in th . e CA3 subfield (Vass et al., 1988; Nowak, 1991) .
The localized expression of hsp72 mRNA in the superficial layers of parietal cortex at 24 h of recov ery is consistent with the previously reported ap pearance of hsp72 immunoreactivity in neurons and glia of these layers (Ferriero et al., 1990) . Interest ingly, this pattern of expression does not correlate well with the distribution of cortical necrosis, which frequently occurs in the deeper layers of cortex (Rice et al., 1981) . Further, there was no indication of columnar expression of hsp72 mRNA at this time, even in the cases which exhibited a columnar pattern of ATP and neuronal necrosis. Thus, the cause of the localized expression of hsp72 mRNA in the superficial layers of cortex at 24 h is not appar ent. Finally, there were a few regions, in both the striatum and the cortex, in which low levels of ATP at 24 h of recovery coincided with a low level of hsp72 mRNA expression. These regions also exhib ited a severe degree of neuronal necrosis. Presum ably, the severity of the cell injury and the low con tent of ATP could have prevented transcriptional activity.
In summary, the present results indicate that hy poxia-ischemia induces regionally distinct alter-ations in ATP and hsp72 mRNA. While the early patterns of ATP depletion in the cerebral cortex resemble the pattern of histologic injury, there was little correlation between the pattern of ATP and hsp72 mRNA. However, the selective expression of hsp72 mRNA in subcortical white matter may be related to the vulnerability of this structure in the developing brain.
